Background-The effects of lysophosphatidylcholine (LPC) on electrophysiological activities and intracellular
concentration ([Ca 2ϩ ] i ) were investigated in coronary arterial smooth muscle cells (CASMCs).
Methods and Results-The patch clamp techniques and Ca
2ϩ measurements were applied to cultured rabbit CASMCs. The membrane potential was Ϫ46.0Ϯ5.0 mV, and LPC depolarized it. Replacement of extracellular Na ϩ with NMDG ϩ hyperpolarized the membrane and antagonized the depolarizing effects of LPC. In Na ϩ -, K ϩ -, or Cs ϩ -containing solution, the voltage-independent background current with reversal potential (E r ) of approximately ϩ0 mV was observed. Removal of Cl Ϫ failed to affect it. When extracellular cations were replaced by NMDG ϩ , E r was shifted to negative potentials. La 3ϩ and Gd 3ϩ abolished the background current, but nicardipine and verapamil did not inhibit it. In Na ϩ -containing solution, LPC induced a voltage-independent current with E r of approximately ϩ0 mV concentrationdependently. Similar current was recorded in K ϩ -and Cs ϩ -containing solution. La 3ϩ and Gd 3ϩ inhibited LPC-induced current, but nicardipine and verapamil did not inhibit it. In cell-attached configurations, single-channel activities with single-channel conductance of Ϸ32pS were observed when patch pipettes were filled with LPC. LPC increased [Ca 2ϩ ] i as the result of Ca 2ϩ influx, and La 3ϩ completely antagonized it. Key Words: muscle, smooth Ⅲ cells Ⅲ ischemia Ⅲ ion channels L ysophosphatidylcholine (LPC), a major lysophospholipid in mammalian tissues, is formed from phosphatidylcholine by phospholipase A 2 . It accumulates in myocardial tissue during ischemia 1, 2 and has toxic effects on myocardium, which include electrophysiological disturbances such as a decrease in membrane potential, followed by the occurrence of arrhythmia during ischemia. 3 LPC is also known as a vasoactive phospholipid that has biological effects on arterial walls, including coronary artery. 4 The prominent mechanism for vascular effects of LPC is to impair endotheliumdependent relaxing factor-mediated vasodilation, which inhibits nitric oxide production. 5 In addition, LPC is reported to increase intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) in vascular smooth muscle cells (VSMCs) and increase vascular tone. 4, 6 However, the underlying mechanisms for LPC effects on coronary arterial smooth muscle cells (CASMCs) have not been investigated.
Conclusions-These results suggest that (1) nonselective cation current (I NSC
Smooth muscle tone of arteries is an important determinant of coronary circulation and vascular resistance. Coronary arterial tone is regulated by various physiological and pathological changes such as O 2 tension and an increase of H ϩ , resulting in autoregulation of local blood flow. Membrane potential plays additional crucial roles in regulating arterial tone and hence arterial diameter; depolarization activates voltage-gated Ca 2ϩ channels, subsequently increasing Ca 2ϩ entry, which regulates muscle contractility and leads to vasoconstriction. The voltage-dependent K ϩ channel (K V ) plays essential roles in forming membrane potential in VSMCs. 7 ATP-sensitive K ϩ channels also regulate coronary tone under ischemia. 8 However, the membrane potential of VSMCs including CASMCs is much less than K ϩ equilibrium potential, 9, 10 proposing that additional membrane channels such as Cl Ϫ may contribute to form it. 11 Alternatively, the background nonselective cation current (I NSC ), which forms membrane potential, is identified in cardiac myocytes [12] [13] [14] and pulmonary smooth muscle cells, 15 
Methods

Cell Preparation
Rabbit CASMCs were grown from explants of adult male Japanese White rabbit (2.5 to 3.0 kg, nϭ15) coronary arteries by explants methods. They exhibited typical "hill and valley" growth patterns and exhibited positive fluorescence with antibodies against ␣-smooth muscle actin but no fluorescence with antibodies against factor VIII antigen. They were grown in Dulbecco's modified Eagle's medium (DMEM, Sigma) supplemented with 10% fetal bovine serum (FBS, Sigma), 100U/mL penicillin, 100 g/mL gentamicin, and 0.25 g/mL amphotericin B (GIBCO BRL) in a humidified atmosphere of 5% CO 2 and 95% air at 37°C. When cells became confluent, they were subcultured in the same medium with 0.5% trypsin in 0.02% EDTA. Confluent cells at passages 3 to 6 were used for the experiments.
Solutions and Drugs
The control Tyrode solution contained (in mmol/L) NaCl 136. 
Recording Technique and Data Analysis
Membrane potential and currents were recorded by using whole-cell clamp techniques. 17, 18 The patch electrode had the tip resistance of 3 to 5 mol/L⍀, and series resistance was compensated. The data were reproduced, low-pass filtered at 1 kHz (Ϫ3dB) with a Bessel filter (FV-625, NF,48dB/octave slope attenuation), and sampled at 5 kHz. All data were acquired and analyzed on a Power Macintosh 7100/80 by using the PULSEϩPULSEFIT software (HEKA Electronic) and Igor PRO (Wave Metrics). Single-channel currents were replayed from videotape either to a chart recorder (2400S, Gould Inc), or to the A/D broad for digitization. Statistical data are expressed as meanϮSD; n represents the number of cells tested. A Student's t test was used for statistical analysis, and a value of PϽ0.05 was considered significant. The effects of LPC (10 mol/L) on membrane potential were investigated in Figure 1C . LPC gradually depolarized it from Ϫ45Ϯ4 mV to Ϫ10Ϯ6 mV (nϭ8, PϽ0.05). Replacement of Na ϩ with NMDG ϩ antagonized the depolarizing effects. It hyperpolarized the membrane from Ϫ8Ϯ5 mV in control to Ϫ26Ϯ6 mV in NMDG ϩ solution (nϭ4, PϽ0.05).
Results
Membrane Potentials and Effects of LPC
Reduction of [Cl Ϫ ] o failed to hyperpolarize it. The depolarizing effects of LPC were similarly observed at any cells of the passage numbers examined. Figure 2 shows the effects of replacement of extracellular Na ϩ by NMDG ϩ on membrane currents. The patch pipette contained Cs ϩ internal solution with 5 mmol/L EGTA and 3 mmol/L ATP to block K ϩ currents and Ca 2ϩ -dependent currents. The cell was held at Ϫ40 mV and the voltage pulses were applied from Ϫ90 to ϩ40 mV. The background current without any time-dependent activation and inactivation was observed. The current-voltage relation measured at steady state is illustrated in Figure 2B . It is almost linear and crosses zero at Ϫ10 mV in Na ϩ -containing solution. Replacement of Na ϩ by NMDG ϩ reduced the inward current ( Figure 2A ) and shifted the reversal potential (E r ) toward more negative potentials. E r was shifted from Ϫ10Ϯ5 to Ϫ38Ϯ5 mV (nϭ4, PϽ0.05). The amplitude of the background inward current measured at hyperpolarizing pulses of Ϫ90 mV was Ϫ120Ϯ40 pA (nϭ36). Figure 3 shows the effects of La 3ϩ , nicardipine, and verapamil on the background current. The cells were held at ϩ0 mV and the command voltage pulses were applied from Ϫ90 to ϩ60 mV. The current-voltage relations measured at steady state in the control and in the presence of La 3ϩ are illustrated in Figure 3B . La 3ϩ (1 mmol/L) abolished the background current reversibly. Gd 2ϩ (1 mmol/L) also abolished it. However, nicardipine (10 mol/L, Figure 3C ) and verapamil (50 mol/L, Figure 3D ) reduced it at Ϫ90 mV only by Ϫ14Ϯ7% (nϭ4) and Ϫ6Ϯ5% (nϭ4), respectively. Figure 4 illustrates the effects of LPC on membrane currents. The patch pipette contained 140 mmol/L Cs ϩ internal solu- tion. The cell was held at Ϫ60 mV and ramp pulses from Ϫ60 to ϩ60 mV (200 ms duration) were applied. In Figure 4A , LPC (10 mol/L) gradually increased the inward current at a holding potential within 1 to 2 minutes and La 3ϩ (1 mmol/L) completely inhibited it. Figure 4Ab illustrates the currentvoltage relations in control, in the presence of LPC, and LPC plus La 3ϩ . The current-voltage relation of the LPC-induced current was obtained by subtracting control current from the Figure 5 illustrates the effects of La 3ϩ , Gd 3ϩ , and nicardipine on LPC-induced current. The voltage pulses were applied from Ϫ90 to ϩ40 mV. The cells were held at ϩ0 mV ( Figure 5 , A and B) and at Ϫ40 mV( Figure 5C ). The current-voltage relations measured at steady state are shown in Figure 5 , Ab through Cb. La 3ϩ (1 mmol/L, Figure 5A ) and Gd 3ϩ (1 mmol/L, Figure 5B ) abolished the LPC-induced current, whereas nicardipine (10 mol/L, Figure 5C ) and verapamil (50 mol/L) only partly inhibited it at Ϫ90 mV by Ϫ20Ϯ5% and Ϫ15Ϯ5% (nϭ4), respectively. Figure 6 compared ionic properties of the background current with those of LPC-induced current by using ramp pulses. The background current was obtained by subtracting the current in the presence of La 3ϩ from the control current. The LPCinduced current was obtained by subtracting the control current from the current in the presence of LPC (10 mol/L).
Background Current in Rabbit CASMCs
Effects of LPC on Membrane Currents
Comparative Properties of the Background and LPC-Induced Current
Reduction of [Cl
Ϫ ] o caused no significant change of E r on the background and LPC-induced current. E r of background current was Ϫ6Ϯ5 and Ϫ5Ϯ5 mV (nϭ4, PϾ0.05) in control and low Cl Ϫ solutions, respectively ( Figure 6Aa ). E r of LPC-induced current was Ϫ2Ϯ3 and Ϫ1Ϯ3 mV (nϭ4, PϾ0.05) in control and low Cl Ϫ solution, respectively ( Figure  6Ab ). The replacement of Na ϩ by NMDG ϩ shifted E r of the background current from Ϫ6Ϯ5 to Ϫ31Ϯ10 mV ( Figure  6Ba , nϭ4, PϽ0.05) and shifted E r of the LPC-induced current from Ϫ3Ϯ3 to Ϫ16Ϯ5 mV (Figure 6Bb, nϭ4, 
PϽ0.05).
To determine cationic selectivity of the background and LPC-induced current, Na ϩ was replaced by K ϩ and Cs ϩ ( Figure 6C ). The background current showed linear currentvoltage relations (Figure 6Ca ). E r was ϩ5Ϯ3 ion, is 140 mmol/L. The value of P K /P Cs , P Na /P Cs , and P NMDG /P Cs , was 1.21, 0.73, and 0.30, respectively. The LPC-induced current also showed linear current-voltage relations (Figure 6Cb ). E r was ϩ1Ϯ4 mV (nϭ4), ϩ0Ϯ3 mV (nϭ4), and Ϫ1Ϯ4 mV (nϭ4) for K ϩ , Cs ϩ , and Na ϩ bathing solution, respectively. The values of the slope conductance were 40Ϯ8 nS (nϭ4), 35Ϯ4 nS (nϭ4), and 33Ϯ6 nS (nϭ4) for K ϩ , Cs ϩ , and Na ϩ , respectively. The values of P K /P Cs , P Na /P Cs , and P NMDG /P Cs were 1.04, 0.96, and 0.54, respectively. Figure 7 shows the results of single-channel recordings, using cell-attached methods. The patch pipette was filled with 140 mmol/L CsCl-pipette solution. The bath was perfused with high K ϩ bathing solution to settle membrane potential to approximately ϩ0 mV. Under the conditions with LPC (10 mol/L) in the patch pipette, marked channel activities were observed at a holding potential of Ϫ100 mV (lower trace), as compared with the control (upper trace). Figure 7B shows the amplitude histogram of LPC-induced channel, which was fitted by a sum of gaussian distribution using the leastsquares method. The single channel amplitude measured at Ϫ100 mV was Ϫ3.4 pA. The current-voltage relations of LPC-induced channel are illustrated in Figure 7 , C and D. The relations show linearity and slope conductance of 34 pS in this cell, and E r was approximately ϩ0 mV. The mean slope conductance was 32Ϯ5 pS (nϭ4). 
LPC-Induced Channels in Rabbit CASMCs
Effects of LPC on [Ca
Discussion
Voltage-dependent K ϩ current (K V ) regulates vascular tone and forms membrane potential in VSMCs, including CASMCs. 19 In our experimental conditions, 4-AP and TEA, K ϩ channel blockers that produce coronary spasm, 20 inhibited K V and resulted in depolarizing the membrane. The membrane potential has been reported to be Ϫ56Ϯ2 mV and to 40.4Ϯ4.9 mV in canine and porcine CASMCs. 9, 10 It was Ϫ46.0Ϯ5.0 mV in cultured CASMCs. These values were less than K ϩ equilibrium potential of approximately Ϫ80 mV, suggesting that additional membrane channels contribute to form membrane potential. The contribution of Cl Ϫ currents has been reported in VSMCs. 11 In our study, however, reduction of [Cl Ϫ ] o failed to affect the membrane potential, whereas replacement of Na ϩ by NMDG ϩ markedly hyperpolarized it. These results suggest that the contribution of Cl Ϫ current is minimal, and the background I NSC contributes to form membrane potential in rabbit CASMCs.
The role of I NSC has been investigated in pacemaking cells of hearts 12, 13 and cardiac myocytes, 14 where the background Na ϩ current is important to generate action potentials by raising resting membrane potential to the threshold for activation of Ca 2ϩ current. The background I NSC of rabbit CASMCs had the same tendencies of linear current-voltage relations and permeability sequences (K ϩ ϾCs ϩ ϾNa ϩ ) as the properties of the background I NSC described previously [12] [13] [14] [15] and may play important roles in forming membrane potentials as reported in pulmonary VSMCs. 15 I NSC has been reported to be activated by membrane stretch. 22 Here, we provided evidence that LPC was a potent activator of I NSC in rabbit CASMCs, which was consistent with previous studies of whole-cell clamp conditions showing that LPC induced I NSC in guinea pig ventricular myocytes and dog renal VSMCs. 23, 24 The effects of LPC on I NSC were not dependent on the passage number, and similar effects were observed in cultured cells of any passage number and freshly isolated CASMCs (data not shown). In our study, the ionic permeability ratio of K ϩ , Cs ϩ , Na ϩ , and NMDG ϩ of the LPC-induced current was 1.04, 1.00, 0.96, and 0.54, which showed the same tendencies as the previous study using renal VSMCs. 24 However, it does not seem to be the same I NSC reported in cardiac myocytes by Magishi et al, 23 because NMDG ϩ passed the channel similarly as Na ϩ and K ϩ , and Gd 3ϩ did not inhibit it. Thus, it is likely that there are several types of LPC-induced I NSC , depending on cell types investigated. Actually, the present study provided direct evidence showing that LPC activated a specific type of channels. However, further studies with single-channel analysis are needed to clarify the characteristic and molecular mechanisms underlying the activation of I NSC by LPC.
Corr et al 3 reported that LPC was increased during ischemia, and the concentration of LPC corresponded to 990 mol/L. In addition, atherosclerotic arteries have been reported to be chronically exposed to high concentrations of LPC as compared with normal arteries. 25 
